The deformed shorelines of Lake Bonneville constitute a classic source of information on lithospheric elastic thickness and upper mantle viscosity. We describe and apply a new model to a recently augmented data set. New data better constrain both the complex spatio-temporal pattern of the lake load and the crustal deformation response to that load. The history of lake level fluctuations has been significantly refined and somewhat 
Introduction

Climatically forced oscillations in the depth and areal extent of numerous lakes throughout the Eastern Great Advantages of Lake Loads
Much of what is known about the rheology of Earth's deep interior has been inferred from modeling vertical motions caused by waxing and waning of ice sheets and recorded by marine shorelines. Obvious advantages of glacial loads versus lacustrine loads are their larger amplitude (several thousand meter ice thickness, compared to several hundred meter water depth) and sufficient lateral extent (thousands of kilometers versus hundreds of kilometers) to excite flow at considerable depth. The chief disadvantage of the glacial rebound process as a probe of Earth rheology is that the load is not as well known. In fact, a difficult (and perhaps nonunique) inverse problem must be solved just to determine the glacial load, whereas the lacustrine load can be much more readily determined. The reason for this is simple; the top surface of a lake is an equipotential surface. Knowledge of present-day topography and a history of lake surface elevation through time suffices to trivially reconstruct the spatio-temporal pattern of lake loads to within a few percent accuracy, whereas similar accuracy glacial load reconstructions are fraught with difficulty and may not even be attainable. Furthermore, lakes are much better recorders of climatic history than are glaciers and ice sheets [Currey, 1990] .
Motivation for Present Study
The data used in our previous analysis [Bills and May, 1987 ] consisted of present elevations of several hundred points well distributed around the basin on the highest element of the Bonneville (1550 m), Provo (1440 m), and Gilbert (1300 m) shoreline complexes (Currey, 1982) . The locations and elevations of these points are available as electronic supplement • Tables A1, A2, at distances of 10-50 km (Lake Waring, 50 points), 30-70 km (Lake Clover, 27 points), and 60-120 km (Lake Franklin, 43 points). These measurements help elucidate the pattern of deflection which occurred beyond the edge of the large lake at a time close to that of the highest Bonneville shoreline. Figure i illustrates the shapes and locations of these, and other small lakes, relative to Lake Bonneville. As is indicated in Table  1 , all of these peripheral lakes were very much smaller than Bonneviile. Electronic supplement Tables A4, A5 and A6 list the locations and elevations of the peripheral lake shoreline points used in the present study. The Lake Waring elevations are from Currey el al., [1984] .
The Lake Clover and Lake Franklin data represent new field measurements. representing the log(viscosity) versus log(depth) variations in terms of a small number (2-6) of orthogonal polynomials down to some cut-off depth and then imposing a constant viscosity below that depth.
Deflection Model
Before we can estimate Earth model parameters from the observed spatio-temporal deflection field, we need a forward modeling capability with which to compute the vertical and lateral deflections expected for a given Earth model, subjected to specified normal loads. Our approach is to start by computing the surface displacements due to applied normal loads in a transversely isotropic, compressible, linearly elastic medium. As the inertial terms in the force balance are neglected, the elastic solutions obtained are strictly static. However, the quasi-static response of viscoelastic models to time dependent loads can be obtained from these same solutions via a Laplace transformation of the time variable. Our solution to this viscoelastic displacement problem is similar to that presented by several previous workers [Singh, 1970 [Singh, , 1986 Rundle, 1978 Rundle, , 1980 Rundle, , 1982 Ward, 1984 Ward, , 1985 Pan, 1989] , and details of our algorithm are presented in electronic supplements Appendices B and C. We simply summarize the objectives and results of the analysis; details of the derivations are given by the above references.
Elastic Model
At the wavelengths appropriate to this problem, the perturbations to the stress field and the gravity field 
where oew and g are the density of water and the gravitational acceleration, respectively. In the substrate, the elastic stresses tij are related to the displacements ui In the opposite limit of a thin elastic plate over a fluid half-space, the vertical deflection filter is approximated by [Wyman, 1950; Kerr, 1964] 
The arrow pointing to the right corresponds to a forward transform; the left arrow corresponds to an inverse transform. The downward directed arrow corresponds to multiplication of the transformed load by the appropriate filter. In this same notational scheme, the calculations that yield the viscoelastic response to a time dependant load looks like In the two-element generalized Maxwell model, the long-term viscosity is always larger than the transient viscosity, and a large disparity between the relaxation rates of the separate elements corresponds to a significant difference between the short-term and long-term responses of the system. See Peltier et al. [1981, 1986] for more complete discussions of transient rheology.
In 
Orthogonal Polynomial Solutions
One approach to specifying independent viscosity values in each of several layers is to enforce some smooth variation of viscosity with depth. A simple way of doing that is to construct a family of orthogonal polynomials to parameterize variations in log(viscosity) versus log(depth). We expect all of the resolvable viscosity variations to take place over some finite depth range, and we desire the variations to transition smoothly to the underlying substrate value. If we take the normalized 10g(depth ) range to run from-1 (at the bottom) to +1 (at the top), an infinite family of orthogonal polynomials is uniquely defined by the three conditions of (1) An advantage of this approach is its extreme simplicity. A disadvantage is that even with associated formal covariance analyses, it is frequently difficult to assess whether features that emerge are real or spurious.
Results
Elastic Plate and Maxwell Half-Space
The simplest model we considered consists of a single elastic layer overlying a uniform Maxwell half-space. We estimated two parameters' thickness of the elastic plate and viscosity of the half-space. This model is very similar to that employed by Bills It is well known that estimation problems of this sort involve a trade-off between resolution and variance (see Mitrovica and Peltier [1991] for a discussion in the context of mantle viscosity). For this analysis, we have chosen layer thicknesses in such a way that they represent uniform steps in log(depth). In this particular case, each layer is thicker than the one immediately above it by the factor 101/5 --1.585. The dotted line in Figure 13 represents the posterior standard deviations for a solution using Lake Bonneville shorelines only. The dashed line represents the complete data set (Bonneville, Waring, Clover, and Franklin). Note that with this choice of resolution bins, both solutions have reasonable variance reduction over a depth range from 4 to 250 km, with the best results in the range from 6 to 60 km. Also note that the full solution has its most significant improvement over the Bonneville-only case in two separate depth ranges: 6-15 km and 100-250 km. The former is comparable to the intersite separation distance in the western lake data sets, and the latter is comparable to the scale of the loading.
The computed deflection patterns for this multiple independent layer model at Bonneville, Provo, and Gilbert epochs are illustrated in Figures 14, 15, and 16 
Global Estimates of Mantle Viscosity
The upper mantle viscosity estimates obtained in this study, and most previous studies of the Lake Bon- 
